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Introduction
In today's competitive market, companies are required to enable effectively concurrent engineering (CE) (Sapuan et al. 2006) and product lifecycle management (PLM) strategies (Liu and Boyle 2009) . This allows the maintenance of their business drivers and their competitive edge -such as productivity, efficiency, and flexibility -especially at the beginning of product lifecycle. Within this context, a particular industrial requirement is needed for the integration of lifecycle considerations at different lifecycle aspects into the early product development process (Yan et al. 2001) with the related support of data-information-knowledge management systems (Burr et al. 2 F. Demoly et al. 2005, Wognum and Trappey 2008 , Holt and Barnes 2009 , Liu and Boyle 2009 ). Additionally, current industrial practices in using PLM systems -such as product data management (PDM), computer-aided design (CAD), and manufacturing process management (MPM) systemshighlight some similar challenges to be tackled (CIMdata 2005) . Indeed, the current geometric product definition -based on data files and resulting from traditional part-oriented modelling approaches -only represents a limited view of product lifecycle information. This results in missing the benefits of CE and PLM strategies (Brown 2006) . To overcome these difficulties, this paper addresses the key issue by researching a better product information management strategy and associated tools. In such a context, this will promote high efficiency, flexibility, and sensitivity at various abstraction levels through the product lifecycle and allow information flow among different systems (Sudarsan et al. 2005) .
In this context as a part of a larger PLM strategy project, the main objective of this paper is to focus on product and lifecycle process data and their relationships management, especially incorporating assembly process engineering which can have a major impact on design principles, product structure, product modelling, and therefore on the product design process (Whitney et al. 1999) . Assembly process information and knowledge are required to determine product lifecycle management requirements that have to be taken into account during the product development process using CE philosophy. Thereby, it is important to develop and stress the relational design paradigm by focusing on product relationships along the product lifecycle (Rechtin 1991 , Bradley and Maropoulos 1998 , Brown 2006 , Rachuri et al. 2006 , Sy and Mascle 2011 .
Based on previous research work related to assembly-oriented design (AOD) and PLM issues (Demoly 2010) , the present research is to maintain information consistency and seamless flow between product design and assembly sequence planning (ASP) phases, which are traditionally considered as two distinctive lifecycle stages. Based on a mathematical model, the integration of an assembly sequence definition phase into the preliminary product development process has brought up some significant benefits to design practice from the proposed new CE (Demoly et al. 2010a (Demoly et al. , 2011a . Indeed, this achievement of integrating assembly planning issues into the design process has enabled a better understanding by product architects and designers about the impact of their design decisions on downstream processes. In addition, the act of defining an assembly sequence early allows the assembly planner and process engineers to work with preliminary information during the product design stages. Hence the proposed research work has generated an opportunity to enable the management of preliminary product and process information, so that it is possible to control product design and ASP phases in a concurrent way (Helms 2002) .
The paper presents, in Section 2, a brief overview on concurrent product design and ASP approaches, and PLM systems application and adoption status in industry. Section 3 introduces the background of the proposed research by describing an integrated framework entitled Proactive ASsembly-Oriented DEsign (PASODE) (Demoly 2010) based on multiple views model called MUltiple Views Assembly Oriented (MUVOA) (Demoly et al. 2010b) , in which an assembly sequence can be defined starting from part-to-part relationships and used for the definition of a skeleton-based assembly context in the preliminary product design process. In such a context, the last section (Section 4) introduces the proposed approach called Product RelatiOnships Management Approach (PROMA) to manage product relationships consistently, supporting the proposed framework PASODE and multiple views model MUVOA in the context of integrated product-process design and PLM.
Related works
This section aims to give a brief overview of the significant amount of reported research work on concurrent product design and ASP, and current industrial practices in using PLM systems, Downloaded by [Univ Technologie Belfort Montbeliard] at 08:36 24 October 2011 so as to provide the foundation for the proposed approach based on the current status and challenges.
Concurrent product design and ASP
Introduced at the beginning of the 2000s, the issue of concurrent product design and ASP (Zha et al. 2001 , Zha and Du 2002 , Barnes et al. 2004 ) has received much attention in research work during the last decade (Wang et al. 2009 ). These efforts are aimed at tackling difficulties and weaknesses encountered in design for assembly (DFA) and ASP approaches by introducing the concept of AOD (Mantripragada 1998 , Zha et al. 2001 .
Actually, most of the research work performed and reported in the field of DFA can be classified as semi-generative approaches based on heuristics and geometric rules in order to facilitate the assembly of the product (Boothroyd and Dewhurst 1983 , Miyakawa and Ohashi 1986 , Swift 1989 . Based on detailed product geometry and a part-to-part-oriented evaluation, DFA approaches lead to a redesign of products (Barnes et al. 2004) . On the other hand, research work on ASP has resulted in generating, through algorithms, exact and heuristic methods -which are presented through graphs and diagrams -and evaluating assembly sequences with decision criteria from detailed product geometry and the related assembly relational models (Dong et al. 2007 , Su 2009 ).
In such a context, where product design and ASP are normally undertaken separately and sequentially, which results in missing the true integration between both phases (Delchambre 1996, Barnes et al. 2004) , AOD is a promising way to tackle current engineering practices focused on detailed part geometry (Vielhaber et al. 2004) . Here, the assembly-oriented practice of product development can be considered as a top-down approach by proactively considering the assemblyrelated product design and their relationship issues in the early phases of the product development process (Yan et al. 2001 , Borg et al. 1999 . This emergent trend highlights some challenges related to the relevant shift in engineering design that promotes the relationship-based modelling and management paradigm (Brown 2006, Bradley and Maropoulos 1998) . Thus, engineering requirements consist of closer integration of product design model and lifecycle models, earlier application of lifecycle knowledge in generating design decision consequences for informed design decision making, better traceability on various abstraction levels of the product (i.e. functional, behavioural, structural, geometric, technological, etc.) and rational and consistent information management support with the concept of 'relational design'. Figure 1 presents a research map of past and Figure 1 . A research map of past and current approaches related to product design and ASP issues along the BOL and abstraction levels of product-process information.
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Application status of PLM systems in industry
Initially introduced by the academic community, the PLM strategy consists of the management of the whole product data-information-knowledge for its entire lifecycle (Stark et al. 2004 ). This research topic has since also received much attention from industry where current practices are more focused on the management of product technical data and associated workflows through various engineering systems (Eynard et al. 2004 , Burr et al. 2005 . Indeed, many industrial engineering departments have tackled PLM issues, essentially in BOL and middle of life of the product, by implementing methodologies into various systems such as PDM, computer-Aided X (CAX), MPM, enterprise resource planning (ERP), and supply chain management (SCM) systems in a single digital chain, where all company departments have a role to play (Terzi et al. 2010 ).
In the above-defined context of CE, several research issues have to be investigated and tackled on current industrial practices in PLM systems, especially on PDM and MPM systems. Specifically, a PDM system is intended to ensure that the right information is available for the right person at the right time and in the right format by introducing various functionalities such as versioning, bill of material (BOM) management, workflow management, check-in/check-out procedures, change and configuration management, etc. Regarding engineering design data that consist of parts, subassemblies, BOMs, specifications, analysis results, configurations and so on, PDM systems can be considered as product model storage systems and still be centred on product information usually embedded in files and documents.
According to the above approaches, a lack of associativity in PLM systems was highlighted by Tremblay et al. (2006) where only 'parent-child' i.e. 'is part of' class) relationship exists. For a large-scale company, the management of relative positions of parts using matrices is implemented in PDM systems in order to be more closely related to geometric models embedded in CAD systems, and to facilitate change management and part positioning. During the last decade, (Weber et al. 2003) have proposed an advanced PDM system based on a property-driven development/design approach by introducing the handling of predicted engineering characteristics (i.e. structure, shape, and material) and properties (i.e. product's behaviour) of the product with their interdependencies in a separate manner. However, information related to product relationships and assembly process engineering is not effectively treated in their proposal. More recently, PLM systems have moved towards Web-based and Web-service technologies, in order to facilitate information exchange and access in distributed and extended enterprises (Huang et al. 1999 , Liu and Xu 2001 , Georgiev et al. 2007 ). An additional effort towards ontology and semantic Web can also be found (Matsokis and Kiritsis 2010) . According to the above applications and approaches, a lack of support of associability among product models using product relationships still exists and is a barrier for effective and integrated lifecycle-oriented design (Tremblay et al. 2006, Sy and Mascle 2011) .
At the interface of computer-aided assembly process planning and ERP systems, MPM systems enable the management of all the information (i.e. assembly operation, assembly sequence, manufacturing BOM, resource, etc.) related to assembly process engineering in order to cope mainly with ASP and assembly line balancing issues. The future trend for these kinds of system is to integrate current procedures used in PDM systems, so as to provide an integrated management approach (i.e. multi-BOM, product/process configuration management, etc.) in the broader context of PLM (Gao 1999 , Bowland et al. 2003 , Ming et al. 2008 . 
BOL -Beginning of Lifecycle
The proposed application Figure 2 . A research map of PLM systems related to product design and assembly process planning along the BOL and the management orientation.
and the related orientation management in order to situate the proposed application focus, enabling a better interaction between product and process data management systems.
Research problem formulation
The outcome of the above review of the state-of-the-art research work on the related AOD issues and PLM systems application status in industry highlights the need for a new product engineering paradigm.
Currently, traditional part-oriented modelling and management approaches, undertaking part design and its data management before assembly and relationships design, are restrictive, can only achieve local optima in product development, and poses many problems (e.g. rework and poor efficiency). These problem statements can be further evidenced by the fact that current CAD systems are mostly oriented to part geometry modelling and processing, in which relational design only means the management of contextual links between parts and sub-assemblies' CAD files. In reality, it is desirable to externalise the actual relationships among product design features, assembly features, and manufacturing features and so forth, so that a comprehensive relationship network can be established for relationship reasoning.
There is therefore a need to understand, elicit and manage information embedded in CAD files and BOMs in an intelligent manner (Brown 2006) , especially product relationships with the support of an appropriate tool (Kim et al. 2004 , Rachuri et al. 2006 . Moreover, this paradigm requires the management of complex and interlinked relationships in product and lifecycle domains at various levels of abstraction and aspects of the product (Bouikni et al. 2008) , so as to realise a better interaction among lifecycle phases.
Following these review outcomes, the authors argue the added value of a PROMA by:
• Providing a better efficiency and interaction between the various co-existent engineering management approaches and related systems.
• Capturing, applying, and managing product relationships information and knowledge as early as possible in the product development process.
• Developing a product relationships management tool as an interface application enabling internal regulations procedures of information flow in the product development process.
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In the following section, a framework and a multiple view model are introduced and described as a background which emphasises the need for this paradigm in the broader context of PLM.
Background of the proposed approach
This section describes the PASODE framework and the MUVOA model in the context of CE and PLM based on previous work on AOD issues (Demoly 2010) .
The PASODE framework
The key objective of this framework is to enable and promote a concurrent and proactive approach to concurrent product design and ASP, especially in the early product development process before product conceptual design decisions on geometry, materials, and other related design aspects are completely committed. This framework is featured by a mathematical algorithm called Assembly Sequence DefinitionAlgorithm based on DFA andASP heuristics rules, associated with a tolerance analysis, which defines an optimal assembly sequence by incorporating the definition product relationships at various abstraction levels (Demoly 2010 , Demoly et al. 2010a , 2011a , 2011b .
In such a way, the act of defining an assembly sequence using product relationships information allows the definition of a skeleton-based assembly context related to lifecycle engineering issues for geometric product modelling in CAD systems (Rehman and Yan 2007, Demoly et al. 2011c) . Fulfilling current stakes in AOD and PLM issues, the PASODE framework consists of various steps, in which four stakeholders are involved, namely product architect, assembly planner, designer, and process engineer. Here the product architect can be considered as a highly skilled and experienced system designer who has an overall vision of the product or system definition and functionality. His major role is to define the product overall functionality and lifecycle requirements and generate an architecture which fulfils functional and technical requirements related to the product lifecycle stages. At lower abstraction levels, the designer is more concerned with the sub-assembly and parts definitions by taking into account the product architect's definitions for each of these components or sub-assemblies. The assembly planner is concerned with planning task of putting parts together once they are completed and manufactured through the process engineer's inputs. So this framework can be deployed as follows:
(1) Based on functional requirements, geometric requirements -such as performance key characteristics -are deployed into the PDM system through the engineering BOM (eBOM). (2) The assembly relationships modelling phase is developed by the product architect at various abstraction levels such as functional, behavioural, technological, and geometric. Each layer of relationships information is computed to optimise part number and generate admissible assembly sequences. (3) For each admissible assembly sequence, a consistency checking procedure related to constrained degrees of freedom is performed to highlight specific requirements, namely assembly key characteristics (AKC). (4) All admissible assembly sequences and related AKC are introduced into a tolerance analysis tool in order to find which assembly sequence fulfils all geometric requirements of the product. (5) So the choice of the optimal assembly sequence can be carried out by introducing AKC interval values. (6) Once the assembly sequence is defined, several information embedded PLM system views can be generated, including manufacturing BOM (mBOM) in the MPM system, product structure and skeleton-based assembly context in PDM/CAD systems. Figure 3 illustrates various mechanisms (grey boxes) and related input/output information (white boxes) to show the aforementioned steps. These allow improving traditional capabilities of PDM, MPM, and CAD systems by focusing on and processing product relationships at various levels of abstraction.
Indeed Figure 3 highlights the need for applying PROMA through a comprehensive set of mechanisms with a clear definition of dependencies between technical entities. This approach also enables the system to maintain the traceability of product-process information flow during the product development process. The next paragraph describes a multiple view model considered as a basis for the PASODE framework (Demoly et al. 2010b) .
The MUVOA model
Focusing on the relationship entity, the MUVOA model has been proposed and it describes entities and their related associations which are handled in the PASODE framework (Demoly et al. 2010b) . The main objective of the model is to map concepts and related data structures in order to be used in an integrated and proactive manner. In such a way, this model can be broken down into several view models consistent with viewpoint, concern, and purpose associated with each stakeholder involved in product design and ASP domains. Figure 4 presents the MUVOA model and the various views from product and assembly process domains. Six kinds of views have been identified to describe the various product aspects, especially at the beginning of the product lifecycle. Table 1 presents the allocation of stakeholders involved in terms of product design and assembly process domains.
Thus, the proposed model is based on the consideration of multiple views which are at the same time also linked to the stakeholders involved in the product development. In addition, this model highlights the complexity of relationships among different stakeholders and multiple viewpoints Downloaded by [Univ Technologie Belfort Montbeliard] at 08:36 24 October 2011 Figure 4 . UML class diagram describing the MUVOA model (Demoly et al. 2010b to which a similar complex multi-perspective views was identified in (Yan 2003) . It is essential and important to have a full representation of these relationships (both in contextual view in product domain and assembly domain). Such a comprehensive representation will facilitate and propagate information flow towards other related views as well. Based on these relationships' identifications and their representation, the next section presents the novel approach to product relationships management, to control the evolution of product information and more importantly make use of the information as early as possible so that a better support is enabled during the product development process.
Product relationships management approach
Built on the PASODE framework, and deploying the MUVOA model, this research derives a novel management approach -PROMA -to tackle product relationships. To realise a successful product development, it is vital to emphasise the importance and capture the representation of relationships between parts and sub-assemblies of a product. This provides the basis to promote and control information flow among lifecycle phases in a proactive and intelligent manner. Here, a relationship can be considered as the means to establish, represent, or maintain a consistent link between two technical entities. Thus, the management of relationships provides essential information for an understanding of how parts can be assembled and connected with each other. This new PROMA enables the externalisation of an inside view of the relations within product-process definition in PDM, MPM, and CAD systems. PROMA hence provides an insightful design support to understand fully the relationships among all product components. In such a way, product relationships are defined and elicited, to support AOD by managing all information related to parts assembly at the interface of the product design and ASP domains.
As illustrated in Figure 5 , traditional engineering management practices consist of only managing single domain entity networks -such as product components, assembly operations networks and so on -in separate systems (PDM, MPM). These approaches and associated systems therefore result in interface and integration gap, missing a close interaction between both domains. To rectify this deficiency, the next paragraph introduces the concept of multiple relationships at various abstraction levels, which can provide a better interaction in concurrent product-process data management approaches.
Capturing and defining product relationships
In the previous section, representing and managing multiple product relationships have been highlighted and considered as a new important concept enabling a better integration between product Downloaded by [Univ Technologie Belfort Montbeliard] at 08:36 24 October 2011 and assembly process information. In this section, the capture and the description of relational information at the various abstraction levels, consistent with mechanisms of the PASODE framework and the MUVOA model, are introduced. Figure 6 illustrates the product relationships which are the results of elicitation of design and assembly intents as well as precedence constraints between assembly operations.
So, information relating product components and assembly operations networks can be captured and located in a separate way. A modification of a relation can therefore impact the networks associated with this new entity in a bidirectional manner. Based on the requirements of representing product function and assembly, it is proposed to capture four kinds of relationship as described below:
• Contact relation: physical contact relation between two components.
• Precedence relation: assembly logical order for two components in contact and in non-contact.
• Kinematic relation: additional information on contact relation which enables the description of constrained degrees of freedom (rotation and translation) for each part of the product. • Technological relation: additional information on contact relation which enables the definition of the assemblability of the product, and therefore on the mating relation between two components in contact. Figure 6 . Capture of product relationships from product components and assembly operations networks.
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Thus, each level of abstraction provides relevant input information for the various mechanisms defined in the PASODE framework. For instance, contact and precedence relations are considered as input data for the definition of the optimal assembly sequence (in behavioural view from assembly process domain) and the product structure (in structural view from product domain). On the other hand, kinematic and technological relations can be used to define design and assembly skeletons (in geometric view from product domain), and assembly technologies (in technological view from assembly process domain) consistent with the early-defined assembly sequence. It is clear that these four types of relationship enable the cross domain product data associations which can potentially allow reasoning and intelligent design decision checking and suggesting. Starting from this classification and definition both in product and assembly domains, the next section introduces information flow between identified views in the MUVOA model, so as to provide internal regulation procedures in a new product-process data management approach.
Information flow used in PROMA
The introduction of relationships in the new product-process data management approach leads to drive some aspects of the product development -such as common views used in engineering systems and new ones defined in the MUVOA model -in a different and coherent manner. The proposed information flow depends on the order in which the mechanisms of the PASODE framework are applied. Figure 7 illustrates the information flow between views within the product domain and assembly process domain as well as cross both domains in the MUVOA model. In such a way, dependencies between views are highlighted for cross view relationship exploration and in this case two views have been identified with a major influence on the related ones, namely: 'contextual view' from product domain and 'behavioural view' from assembly process domain. These two views facilitate the capture of design and assembly intents of the product, therefore having a major role on the definition of product information in the BOL phase.
Thus, information flow helps to identify the information propagation from one view to another, which is in correspondence with either product evolution or assembly process evolution in terms of the information's level of abstraction. Here, the proactive feature of the PASODE framework is enabled and embodied by bidirectional arrows between views from product and assembly process domains. For instance, the assembly sequence defined in the behavioural view from assembly process domain influences the product structure in the structural view from product domain, and also the product geometry in geometric view as shown in Figure 7 . This clear externalisation of It is therefore critical to describe and control such an influence by introducing new associations between technical objects defined in the above MUVOA model, so as to propagate and update automatically information in each view. Section 4.3 presents the various kinds of associations introduced in the PROMA and the related functional procedures.
Association management in PLM systems
In addition to the associations which are currently used in PDM, MPM, and CAD systems, several new ones have been identified and represented in this research as described below:
• Composition link: describes a link between product and its components in product domain, and between assembly operations in assembly process domain.
• Interface link: describes a link between two components of the same assembly (internal interface link) or from different assemblies (external interface link).
• Representation link: describes a link between a technical object and a document.
• Projection link: describes a link between a technical object and a view.
• Precedence link: describes a logical order between two assembly operations.
• Temporal link: describes a lag between two assembly operations.
Based on all the above associations, it is now possible to describe the allocation of the functional procedures embedded in the future PROMA application, which is compatible and in coherence with mechanisms defined in the PASODE framework. With all these in place, should it be required, it is feasible to propagate relational information from the PROMA application to product components and assembly operations networks in PDM/CAD and MPM systems. For instance, Table 2 shows in the first raw the definition of a contact relation between two components which implies the creation of an interface link between these technical objects in the PDM system.
Definition of bill of relation
The control of information flow and exchange requires the introduction of a new concept called 'bill of relation' (BOR). The concept of bill of X (BOX) -such as used in current PDM (eBOM), CAD (CADBOM) and MPM (mBOM) systems -allows for capturing the state of the product or the assembly process at t time in the product development process. Consequently, the concept of BOR provides a complementary view on the state of both domains (product and assembly process). In such a way, the role of BOR is to facilitate information propagation by establishing the relationship between eBOM and mBOM, eBOM and CADBOM, and CADBOM and mBOM in PLM systems as well.
To facilitate information exchange between the PROMA application and the related PLM systems, BOR are broken down into three orientations as described below:
• PDM-oriented BOR: describes composition, interface, and representation links between product components in the PDM system. This kind of BOR is generated and controlled by the contextual view from product domain and the behavioural view from assembly process domain, therefore enabling the definition of the product structure.
• MPM-oriented BOR: describes composition, precedence, and temporal links between assembly operations in the MPM system. This kind of BOR is generated and controlled by the contextual and technological views from product domain, and the contextual and behavioural views from assembly process domain, therefore enabling the definition of the assembly operations structure.
• CAD-oriented BOR: describes composition, interface links between skeleton entities of the product in CAD system. This kind of BOR is generated and controlled by the contextual and structural views from product domain, and the behavioural view from assembly process domain, therefore enabling the definition of the geometric skeletons structure.
These bills of relation therefore provide a better interaction between the PROMA application and the related PLM systems in coherence with the previously defined associations. In this section, a thorough method of capturing and defining four kinds of part-to-part relationships has been introduced. Using these relationship concepts and the method, it is possible to define a comprehensive set of relationships between the product components and assembly operations. This provides a solid base for an exploration of them and for intelligent reasoning using these relationships. Building on these relationships, product view-based relationships can be established and identified for support relationship-based reasoning. In this research, the proactive reasoning and utilisation of these relationships across domains from product to assembly process are enabled to further proactively explore the use of these relationships to improve the design and assembly process. An enhanced set of associations in addition to commonly used associations by PDM, MPM, and CAD systems, have also been identified and introduced to provide deeper and fuller representations of complex relationships of the product from multiple perspectives. And finally these lead to an introduction of BOR, which is used to accommodate relationships commonly found in PDM, MPM, CAD systems, and the approach introduced in this paper. This full representation hence provides a solid and comprehensive representation of the relationships of a product from multiple views. The reasoning mechanism introduced in the MUVOA model and PROMA then can be fully deployed to undertake the intelligent and proactive relationship management.
Case study
The above overall architecture and approaches have been implemented and applied to a company's real product development as a case study. This is intended to demonstrate the potential benefits and relevance of such an integrated and proactive engineering relationship management paradigm, focusing on the product design and ASP views. The case study part is a pneumatic valve which is part of a pneumatic scraper designed by a small and medium enterprise (SME). Figure 8 shows a pneumatic valve developed previously. Due to space limit, this section only gives a brief overview of the case study and the detailed description of the implementation and the case study is described in Demoly (2010 Currently, all product components are manufactured by subcontractors. Similar to many integrating companies, this mode of operation poses challenges for the company when it comes to assembly. The SME especially faces difficulties of assembling all parts made by different subcontractors, as a result of poor integration of assembly process planning and the product development process. This separate undertaking of assembly planning and product development resulted in much rework and poor product quality.
The PROMA in conjunction with the PASODE framework for a new pneumatic valve development was used as early as possible to illustrate the potential benefits. Figure 9 shows a 3D assembly model describing the geometry of the new pneumatic valve developed. The main benefits identified include reduced product development and assembly process lead time. The integrated approach enables the product architects, designers, and assembly planners to eliminate many of the problematic design decisions supported by the framework and the approach. These eliminated 'problematic design decisions' over assembly life phase have the potential to result in reduced rework, shortened product overall development, and production time. This naturally leads to an increased overall efficiency gain by reducing the iterations between product design and ASP all along the product development process. Other benefits include flexibility of relationship management by enabling the representations of comprehensive and complex relationships. A final benefit is the increased sensitivity of the overall relationship management capability. This is based on the fact that if a modification of a particular relationship between two product elements has been made during product development, these changes will be propagated as new information to the assembly planning and related assembly operations. This increased level of sensitivity ensures that the integrity of the product architect is intact and the product relationship definition is consistent and updated.
Conclusions
The paper has described the background of the research and building on previous work, a system framework entitled PASODE is presented. This comprehensive and innovative concurrent design and assembly process planning framework provides a theoretical foundation and a model for a closer product relationship-based concurrent product and manufacturing design approach. It supports designers and assembly process planners to use the identified relationships to generate solutions to meet the requirements from both viewpoints.
Similarly this framework, enables other stakeholders to use these complex relationships to evaluate solutions from their perspective. All capabilities are facilitated and enabled by a unique MUVOA model, which models a product from six distinctive yet linked perspective viewpoints. Based on this comprehensive multiple viewpoint model, a novel product relationship management approach entitled PROMA has been proposed and described. A concurrent network of product components and their assembly operations is established using PROMA, which can then be established and relationships identified among multiple viewpoints. With all these relationships established at one flat level inherently linked to different viewpoints, it is then possible to establish associated design parameters from different viewpoints. These parameters then are used as the basis to concurrently develop lifecycle phase solutions based on the product design information, at early design stage even when the design is incomplete and currently evolving.
This philosophically different concurrent design approach therefore significantly differs from a traditional approach, in which a product is designed followed then by the ASP. This approach essentially enables the concurrent considerations of both sets of design and planning requirements, supporting the elimination of design flaws caused by a lack of concurrent considerations of lifecycle requirements.
Due to space limit in this paper, the implementation of the approach within a PLM application will be reported in detail in a separate paper, containing also case studies to validate the approach and demonstrate the potential benefits. For information, the application of this approach has reduced semantics barriers between product lifecycle phases and has improved iteration efficiency. A gain of 50% has been targeted then obtained for product-process development lead time, given the CE and bi-directional aspects such as developed in the PROMA. From a quality point of view in engineering, the approach has increasingly reduced major iterations between design engineering and production departments by better understanding and exploitation of product relationship and associativity.
The challenge of making useful lifecycle-oriented decisions which could only be made at a particular time or lifecycle phase based on the available information is inherently difficult. Without committing sufficient decisions relating to a particular lifecycle phase, it would be difficult for mechanisms such as the MUVOA model and PROMA to reason with sufficient information and Downloaded by [Univ Technologie Belfort Montbeliard] at 08:36 24 October 2011 generate even more useful information or identifying any potential design deficiencies regarding lifecycle phase considerations. For example, if an assembly method decision is not committed by selecting either a manual or an automated assembly method, it would be difficult for the MUVOA model and PROMA to identify any potential design features which would cause problems for either of the assembly methods. This can only be fully appreciated by such reasoning mechanisms once the assembly method is committed. Having appreciated this challenge and the potential complications when more lifecycle views are considered, the research work adopted a pragmatic approach and in the implementation there are programme codes written to ensure sufficient decisions have been made before any deduced decision or recommendations can be made. Users of such a system therefore need to understand this limitation. Another challenge is the level of concurrency of lifecycle phase design and analysis. Many lifecycle-oriented decisions can only be made if there is sufficient information about a particular phase available through committing to certain decision. The more decisions that are committed for an assembly process, the better the concurrency will be and the higher the quality of the decisions or recommendations made.
Future work
Having achieved a good level of closer integration for product design and assembly planning, future work will focus on making assembly information accessible and exploitable by data management systems and computer-aided X tools in order to support product architects and designers. Product relationships will be described using the part-whole theory supported by mereology and its extension, mereotopology; and also implemented in an ontology in order to reuse this information in other lifecycle phases.
Another important area is the extension of the same framework and approaches presented in this paper to other product views. The product lifecycle views of considerations include overall manufacturability of a design solution over its alternatives, product commission view, service view; and environmental impact view in terms of carbon footage, energy consumption, recycling, or decommissioning. Challenges discussed will also be further investigated to identify exactly the minimal information required to achieve a satisfactory level of lifecycle-based reasoning. It is believed that through this comprehensive and thorough lifecycle consideration, a true lifecyclebased product development framework will be generated, validated, and eventually applied by many companies as a new generation design approach for realising many of the benefits discussed in this paper.
